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FOREWORD

This report documents part of the Naval Surface Warfare Center's (NSWC) efforts
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CHAPTER 1

INTRODUCTION

The U.S. Navy requires high energy, portable power sources for many weapons

applications. A high energy density power source is the Li/SO2 system, which

is a hazard to military personnel under adverse and misuse conditions such as high

drain rates, forced overdischarge, and charging.

Despite many studies, it remains difficult to define one mechanism that

explains all hazardous events. Although lithium dithionite is the product formed

when the Li/SO2 cell is discharged under low rate ambient conditions, a

cOmFiex arrdy of chemicals is produced when the cell is used under other modes of

operation, e.g., use-storage-reuse, pulsing, nonambient discharge, etc. This

problem is compounded by the use of different cell balances and cell designs.

Even the concentrations of impurities present, such as water, change from day to

day.

The principal mechanism of safety hazards occurring in SO2 cells appears

to involve the thermal decomposition of lithium dithionite and subsequent

reactions during high rate discharge or overdischarge. I Since dithionite is

the initial product and is central to the mechanism for safety hazards, the

objectives of this study were twofold: (1) to examine the stability of dithionite

by Raman spectroscopy to probe further into the chemical decomposition, and (2) to

begin to improve the safety by either altering the discharge mechanism and/or by

improving the thermal stability of dithionite.

1/2
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CHAPTER 2

SYNTHESIS OF LITHIUM DITHIONITE

Since lithium dithionite is not commercially available and very difficult to

prepare, much effort was expended in attempts to synthesize pure material.

Summarized below are the experimental details of the various reactions attempted.

The unsuccessful or marginally successful reactions are treated with brevity. All

of the reactions employed S02 as a reactant.

AQUEOUS PREPARATION

Lithium dithionite was synthesized by adding solutions of water, lithium

hydroxide, lithium formate and sulfur dioxide in methanol, and methyl formate into

a reactor containing methanol.

The reaction vessel was constructed of glass and type 316 stainless steel,

with a cold finger heat exchanger for cooling and heating, a reflux condenser, a

pressure regulator, and a thermocouple connected to a digital temperature readout.

The solutions were fed into the reactor over a 60-minute period, maintaining a

temperature of 65°C and a pressure of 20 psig. The material was allowed to

cook for 2 hours after the additions, until C02 ceased to evolve.

The reaction mass was then cooled, vacuum filtered under an inert gas,

transferred to a glass container, and vacuum dried in a hot water bath. The

product was light tan in color and was obtained in 67% yield. It was analyzed as

90.8% lithium dithionite.

3
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NONAQUEOUS PREPARATIONS

LITHIUM

Ammonia was condensed over elemental lithium in a vacuum line. While the

ammoniated lithium was being stirred, it was exposed to gaseous sulfur dioxide at

-30 C. A white solid mixture containing sulfur, oxygen, and nitrogen with no

simple stoichiometry was formed. Assay with methylene blue revealed less than 3%

dithionite.

LiAlH 4

So2 was condensed into an ether solution of LiAlH 4 in a vacuum line. A

white solid formed when the reaction mixture was allowed to warm to room

temperature. The solid was insoluble in water and did not reduce methylene blue.

Lithium Naphtholide

Lithium naphtholide was too powerful a reducing agent, giving rise to sulfur and

lithium sulfide.

Lithium Benzophenone Ketyl

2

Bowden, et al. describe the use of this reagent in THF. They report a 70%

yield based on a rather equivocal UV spectroscopic assay. We attempted the same

reaction but were unable to produce a satisfactory product. Titration with

methylene blue indicated the solid was 27% Li2S20 4
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LiBH 4

Since over-reduction appeared to be a problem in the above reactions, we

attempted to improve the yield of dithionite by using a weaker reducing agent,

LiBH Fifty ml of degassed THF containing 1.2 g SO2 was added to a stirred

solution of 1 mmole LiBH 4 in 200 ml degassed THF over a 5 minute period. The

white product was washed with anhydrous oxygen-free methanol under nitrogen.

Titration with methylene blue indicated the solid contained 23% dithionite.

L-Selectride

Alkali metal selectrides are known to be milder reducing agents than either

sodium borohydride or lithium aluminum hydride. L-Selectride

(LiB(CH(CH3)C2H5]3 H), an Aldrich product, proved to be the most

promising reagent for the non-aqueous synthesis of Li2S204 . The initial

reaction was run at room temperature, providing a product containing 44% lithium

dithionite. Raman spectra indicated that sulfur-oxy anions were the major

impurities, and that over-reduction was not a factor in this process. To slow down

oxygen atom transfer and subsequent formation of thiosulfate, metabisulfite, etc.,

we repeated the reaction at a low temperature as described below.

A 250 ml Schlenk flask fitted with a rubber septum was purged with dry nitrogen.

Then, 125 ml of dry degassed THF was added via syringe; 13.4 mmoles of SO2 were

added through an inlet needle (determined by weighing the flask and contents). The

flask was immersed in an isopropanol-dry ice bath until the flask temperature

equilibrated at -78 C. Nitrogen was added until the flask pressure was

approximately one atmosphere. Then 13 ml of 1M L-Selectride (13.0 mmoles) was added

slowly via syringe. The N2 purge was removed since the selectride reacted
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immediately and the reaction was monitored via the H2 gas exiting an outlet

stopcock into oil. The solution was stirred for 1 hour at -780 C. The solution

and white product were allowed to warm to room temperature and were filtered using a

10-20 micron Schlenk frit. The product was thoroughly washed three times with dry

THF followed by a final wash with dry ether. Thorough washing with THF was required

to react the butylborohydride to form the acid-base adduct; otherwise, any residual

B[CH(CH3)C 2H5]3 might have burned in an open container or exploded

in a closed container upon exposure or admission of air or water. The product was

dried in vacuo, gently ground in an inert glove bag, and assayed by titration with

methylene blue.3 The preparations assayed between 82-92% dithionite. Raman

spectroscopy revealed only dithionite vibrations.

A 10 fold excess of THF to selectride should be used to get good reproducible

results. The solvent dependency is probably related to kinetic formation of the

THF:B[CH(CH3)C 2H5 ]3 acid-base adduct. The reaction of lithium

tri-sec-butlyborohydride and SO2 can be written:

2 Li B[CH(CH 'C H 5 + 2 SO TH Li S 0 + H + THF:B[CH(CH3)C2H

12 53 ~ 2 -- 2 24 2 325)3
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CHAPTER 3

SPECTROSCOPIC INVESTIGATIONS OF LITHIUM 1)ITHIONITE

A major factor contributing to Li/SO 2 cell hazards appears to be the thermal

dUcomposition of lithium dithionite and subsequent reactions. Depending on cell

conditions, a number of decomposition pathways are possible.2,4 Raman

spectroscopy was selected as the method of choice to investigate the decomposition

mechanism. Raman spectra of various solid salts, shown in Figures I through 6,

exhibit discernible vibrational bands in the 150-600 cm region.

In an effort to scale up the non-aqueous synthesis of Li2 S204 to

provide larger samples for future accelerating rate calorimetry (ARC) studies, we

inadvertently produced a sample of lithium dithionite which was remarkably unstable

with respect to solid state oxidation. In attempting to weigh the material on an

analytical balance (in air), the material decomposed spontaneously and

exothermically on the balance. Since the material is made from lithium selectride,

we initially concluded that some residual borohydride material remained on the

solid, and had initiated the thermal decomposition of the lithium dithionite upon

contact with the air. Therefore, we thoroughly washed a portion of the sample with

THF, in which all the possible borohydride materials are extremely soluble.

Exposure of the washed material to air resulted in the same facile decomposition.

Capillary tubes filled with lithium dithionite were sealed under nitrogen and

Raman spectra recorded. The data in Figures 7 through 9 reveal interesting

differences in the low-frequency band. Figure 7 shows a symmetrical peak at 281

cm-1 for dithionite prepared by the aqueous synthesis. Raman data for

7
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SODIUMMETABISULFITE
64641.91

119 1969 968 869 768 668 569 469 369 268 169 69

FIGURE 1. RAMAN SPECTRUM FOR SODIUM METABISULFITE

SODIUM THIOSVLFATE
65837.37 458

19 169 969 869 769 669 569 469 369 269 169 69
WAVENUMBER (cm -1)

FIGURE 2. RAMAN SPECTRUM OF SODIUM THIOSULFATE
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SODIUM DITHIONATE DIHYDRATE
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FIGURE 3. RAMAN SPECTRUM FOR SODIUM DITHIONATE DIHYDRATE

SODIUM SULFITE
122232.4
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FIGURE 4. RAMAN SPECTRUM FOR SODIUM SULFITE
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SODIUM SULFATE
145853.6

116 1960 969 860 769 669 569 468 369 269 169 69
WAVENUMBER (cm -1)

FIGURE 5. RAMAN SPECTRUM FOR SODIUM SULFATE

SULFUR ( S8)
1314288 222

I1IL

ll I 910 819 719 618 519 419 319 218
WAVENUMBER (cm -1)

FIGURE 6. RAMAN SPECTRUM FOR SULFUR (S2 )
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I I "t I I

450 300 150
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FIGURE 7. RAMAN SPECTRUM FOR LITHIUM DITHIONITE PREPARED IN AN AQUEOUS ENVIRONMENT

281
,,267

372

I I I I 1

450 300 150

cm-1

FIGURE 8. RAMAN SPECTRUM FOR LITHIUM DITHIONITE PREPARED BY A SCALED-UP NONAQUEOUS

SELECTRIDE METHOD
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267
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372

I I I I I
450 300 150
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FIGURE 9. RAMAN SPECTRUM FOR LITHIUM DITHIONITE PREPARED IN A NONAQUEOUS ENVIRONMENT

267

372

i i I I I

450 300 150
cm-1

FIGURE 10. RAMAN SPECTRUM FOR LITHIUM DITHIONITE PREPARED IN A NONAQUEOUS ENVIRONMENT
AFTER 35 WEEKS STORAGE SEALED UNDER N2
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dithionite prepared by the scaled-up (but otherwise identical) selectride process
-I

are shown in Figure 8. The major peak occurs at 281 cm and a second band
-2.

appears at 267 cm . The Raman spectrum for dithionite prepared by the small

scale selectride method described is shown in Figure 9. Now the major band occurs
-l -l

at 267 cm with a small shoulder at 281 cm

Raman peaks for the dithionite anion are unmistakable due to their intensity in

the solid state. The proximity of the 281 cm- frequencies suggest they are due

to two different S-S stretching frequencies in the extremely polarizable

S2042- anion. This indicates the anion exists in two different

environments, and may explain the various susceptibilities to oxidation and thermal

stability. The stability of the dithionite may be related to a low-temperature

lattice transformation. When the initial sample of Li2S204 exhibiting

both peaks was heated at 600C under vacuum for 1 hour, the two low-frequency
-1

peaks merged into a single sharp peak at 281 cm , as occurs with a

recrystallized sample.

When the nonaqueous sample of Li2S204 was dissolved in basic aqueous
-l

solution and lyopholized, the 267 cm peak disappeared, leaving a spectrum

identical to the material obtained in an aqueous environment. In contrast, Figure

10 shows a spectrum of the nonaqueous sample of Li2S204 after the

material was stored for 35 weeks in a sealed capillary tube in which the peak at 281

cm 1 was significantly diminished. This indicates a conversion to the "new"

form of lithium dithionite in the solid state. This apparent tendency for lattice

transformation at remarkably low temperatures could be important in the solid state

decomposition process, since lattice motion is often requisite for the formation of

lattice defect sites and the propagation of solid state reactions. It is equally

important to point out here that the type of lithium dithionite formed under

nonaqueous conditions is not observed after the material is recrystallized from

aqueous solution.

13
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The two resonance bands present in the ESR spectra of Li2S204

(Figure 11) indicate existence of the sulfoxylate radical in two environments. A

low-temperature transformation is evidenced by the decrease in intensity of the

bands as the sample is heated. The radical anion concentration never increases with

increasing temperature of the dithionite. This calls to question the general

premise that the radical anion is involved in the decomposition process.

The thermal decomposition of lithium dithionite was investigated using DSC and

Raman spectroscopy. The DSC thermal stability of the dithionites prepared by the

aqueous and nonaqueous methods are compared at a heating rate of 20°C/min in

Figures 12 and 13, respectively. The sample prepared in a nonaqueous medium was

less stable, decomposing -32 lower than the "aqueous" dithionite.

Raman spectroscopy was also employed since it was originally thought this method

would give insight into the decomposition process. In addition to the Raman data in

Figures 1 through 6, Raman bands for tri-, tetra-, and penta- thionates were

-1 5reported at 425, 390, and 392 cm , respectively. As it turned out, the

S-S stretching bands of the dithionite and elemental sulfur were much more intense

than the other oxy-sulfur anions, making it difficult to identify various products

during the decomposition.

Dithionite samples, sealed in capillary tubes, were heated in a

temperature-controlled oil bath. The samples were quenched at the desired

temperature and Raman data recorded at room temperature.

Raman data for the dithionite prepared by the aqueous method are shown in

Figures 14 through 17. The decomposition temperature for this material, defined by

our somewhat arbitrary criteria, was found to be near 160 0C. Even after 150

minutes, the material was far from totally decomposed. Essentially complete

decomposition was observed after six hours. In contrast, Raman data for the

dithionite prepared in nonaqueous medium, shown in Figures 18 through 20, reveal

decomposition progressed much more rapidly at this temperature.
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3315G

(a)

(b)

(c)

3315G

FIGURE 11. ESR SPECTRA FOR NONAQUEOUS Li 2 S2 0 4 AT AMBIENT TEMPERATURE: (a) ORIGINAL;
(b) AFTER HEATING 4 MIN AT 1350 C; (c) AFTER HEATING ADDITIONAL 2 MIN
(TOTAL OF 6) AT 1350 C
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Raman spectroscopy is a weakly penetrating probe. It is interesting that if the

partially decomposed sample in Figure 19 was ground up and another Raman spectrum

taken, the relative intensity of the dithionite peaks increase significantly as

shown in Figure 21. This demonstrates that most of the reaction occurred at the

surface, and that the interior sample consists largely of lithium dithionite. Thus,

the particle size or distribution of the sample may play a significant role in the

thermal stability of the dithionite and the hazards observed in the SO2 cell.

25

25q
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CHAPTER 4

INVESTIGATIONS OF DITHIONITE STABILIZATION

In attempting to solve the problem of the decomposition of the dithionite ion in

the Li/SO2 battery, two approaches can be envisioned. The first is an approach

that has been pursued over the past few years: studying the decomposition process

to access the reasons for decomposition. The long-term goal of this approach is to

derive the means to inhibit battery decomposition while maintaining the structural

and operational integrity of the battery.

A second approach is to modify the reactivity of the dithionite ion by

coordinating it to a metal center. The metal center has the potential to

impede the decomposition of the dithionite by increasing its stability

through coordination, and/or modifying the reduction mechanism of SO 2 . In

this approach, the dithionite ion may be rendered inert towards thermal

decomposition by undergoing coordination to transition metal ions, and clues to the

actual decomposition process may surface when the passivating complexes are

characterized. The selection of appropriate metal centers may lead to coordination

of sulfur dioxide and mediation of electron transfer through the coordinating metal

center.

Iron and cobalt salts of dithionite were prepared by coprecipitation with

pyridine from an aqueous solution of their chloride salts and sodium dithionite.

Manganese dithionite was prepared by allowing pyridine vapor to diffuse slowly into

a solution of manganese II chloride and sodium dithionite at 00 C. The

crystalline compounds were dried in vacuo, and Raman spectra obtained.

27
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The iron and cobalt complexes had no S-S or S-0 Raman bands, indicating that the

energy of the beam was sufficient to decompose the samples. The cobalt salt was

observed to decompose spontaneously and exothermically upon standing. It is

unlikely that coordination of dithionite by iron or cobalt would be a viable

approach to stabilizing dithionite since its apparent rapid decomposition would

likely be detrimental.

The manganese complex exhibited S-S stretching and S-0 wagging modes at 275 and
-l

369 cm , respectively. Raman spectra of samples heated slowly in sealed

capillary tubes in a iegulated bath indicated decomposition begins near 11("C ad

is complete at 120 0 C after 30 minutes. Consequently, this salt was also less

stable than the lithium salt, indicating manganese is not a viable candidate for

enhancing battery safety.

The Raman spectra of ZnS204 (pyridine) are shown in Figures 22 and

23, respectively. Coordination of the metal has greatly reduced the 0-S-0

deformation as would be expected if the anion is tightly bound to the metal center

(in contrast to the alkali metal salts). A notable increase occurs in the S-S

stretching indicative of a much stronger S-S bond. Coordination to the zinc ion

appears to have stabilized the anion to homolytic cleavage and subsequent formation

of the sulfur dioxide radical anion. The salt scarcely dissolves in water, and it

is clear that the susceptibility of dithionite to decomposition has been markedly

altered by its coordination to zinc. Coordination stabilizes the anion towards

redox decompositon since excess electron density is no longer localized on the anion

but is involved in ligand-metal bonding.
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CHAPTER 5

SUMMARY

An investigation was undertaken to improve the safety hazards associated with

the use of Li-SO 2 cells. This is a relevant task since Li-SO2 batteries are

widely deployed in the Navy. Some of these safety hazards are attributed to the

thermal decomposition and subsequent reactions of the lithium dithionite discharge

product.

The preparation of lithium dithionite is very difficult. A variety of synthetic

methods were investigated in nonaqueous media. Thermal and spectral data indicate

samples prepared in aqueous and nonaqueous medium differ in stability, and may exist

in two crystal configurations. This may have an important bearing on cell safety

since the lithium dithionite is formed on a carbon substrate contaminated with

varying concentrations of water in an otherwise nonaqueous SO2 environment. The

role that impurities play in the decomposition process still needs to be addressed.

Raman data indicate that the decomposition process is dependent on the spatial

geometry of the dithionite sample. ESR data on all the dithionite salts show that

the anion radical concentration decreases with increasing temperature indicating

that this radical concentration nmay not be a factor in the decomposition.

Preliminary studies indicate the dithionite anion may be stabilized by reducing

its electron density through coordination with appropriate metal ions.
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